ABSTRACT 10 11 Soils contain the largest inventory of organic carbon on the Earth's surface. Therefore, it 12 is important to understand how soil organic carbon (SOC) is distributed in soils. This study 13 directly measured SOC distributions within soil microaggregates and its associations with major 14 soil elements from three soil groups (Phaeozem, Cambisol, and Ultisol), using scanning 15 transmission X-ray microscopy (STXM) and near-edge X-ray absorption fine structure 16 (NEXAFS) spectroscopy at a spatial resolution of 30 nm. Unlike previous studies, small intact 17 soil microaggregates were examined directly in order to avoid preparatory procedures that might 18 alter C speciation. We found that SOC exists as distinct particles (tens to hundreds of nm) and as 19 ubiquitous thin coatings on clay minerals and iron-oxides coatings. The distinct SOC particles 20 have higher fractions of aromatic C than the coatings. NEXAFS spectra of the C coatings within 21 individual microaggregates were relatively similar. In the Phaeozem soil, the pervasive spectral 22 features were those of phenolic and carboxylic C, while in the Cambisol soil the most common 23 spectral feature was the carboxyl peak. The Ultisol soil displayed a diffuse distribution of 24 aromatic, phenolic, and carboxylic C peaks over all surfaces. In general, a wide range of C 25 functional groups coexist within individual microaggregates. In this work we were able to, for 26 the first time, directly quantify the major mineral elemental (Si, Al, Ca, Fe, K, Ti) compositions 27 simultaneously with C distribution and speciation at the nm to µm scale. These direct microscale 28
features were those of phenolic and carboxylic C, while in the Cambisol soil the most common 23 spectral feature was the carboxyl peak. The Ultisol soil displayed a diffuse distribution of 24 aromatic, phenolic, and carboxylic C peaks over all surfaces. In general, a wide range of C 25 functional groups coexist within individual microaggregates. In this work we were able to, for 26 the first time, directly quantify the major mineral elemental (Si, Al, Ca, Fe, K, Ti) compositions 27 simultaneously with C distribution and speciation at the nm to µm scale. These direct microscale 28 measurements will help improve understanding on SOC-mineral associations in soil 29 , 1996) . Given the fact that SOC is oxidized within much 50 shorter times when directly accessible to microorganisms and their extracellular enzymes, it is 51 inferred that physical protection from these agents by restrictive micropores is important in soils 52 (KRULL et al., 2003; ROVIRA and GREACEN, 1957; SIX et al., 2004) . The recalcitrant SOC 53 fraction has been found to be well correlated with the amorphous and poorly crystalline oxide 54 (allophane, imogolite, ferrihydrite) fraction in soils TORN et al., 1997) . 55
Scanning Transmission X-ray Microscope (STXM) 125
The scanning transmission X-ray microscope (STXM) is a synchrotron-based, soft X-ray 126 microspectroscopic instrument that permits chemical mapping of thin specimens. In order to 127 obtain maps of major mineral forming elements along with C maps, STXM measurements in this 128 study were obtained on the Molecular Environmental Sciences Beamline 11.0.2 (KILCOYNE et 129 al., 2003) at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. 130
Photons are admitted to the STXM chamber through a Si 3 N 4 window and focused onto the 131 sample by a zone plate with a working distance of 0.5 to 9 mm, depending on photon energy. 132
The available energy range on Beamline 11.0.2 is 90-2150 eV. This unusually wide STXM 133 energy range is essential for understanding C associations with soil particles because it allows 134 quantification of all major mineral cations (most notably Al and Si). An order-selecting aperture 135 is placed between the zone plate and the sample. The sample is scanned relative to the focused 136 X-ray beam, and the transmitted intensity is recorded as a function of sample position using a 137 scintillator with photomultiplier tube or a photodiode. The zone plate can focus the beam down 138 to a spot size of 30 to 50 nm. The smallest resolvable features are about 25 nm. Several different 139 zone plates are used depending on photon energy, required spatial resolution and minimum 140 working distance. The maximum energy resolution E/ΔE is better than 7500, and a resolving 141 power better than 3000 is achieved at a photon flux of 10 8 -10 9 per second in the sub-50 nm 142 focused beam at energies of about 200-1,600 eV. The maximum raster scan range is 20x4 mm, 143 while the minimum step size is 2.5 nm. Images with up to 3000 x 2000 pixels can be acquired at 144 any spatial size regime meeting these limits. The very wide dynamic range of the spatial 145 scanning system, achieved with continuous interferometric feedback of positioning with an 146 accuracy of 5 nm, is a very powerful aspect of this STXM. 147 dependence of SOC speciation and SOC:mineral mass ratios is beyond the scope of this study, 160 but is important in relating bulk soil properties to these measurements. Particles were then 161 scanned at higher magnification over a series of closely spaced energy steps using stack mode 162 (JACOBSEN et al., 2000) to map K edge absorption spectra for C, over the energy range of 280 to 163 300 eV. This energy range was subdivided in order to collect spectra with smaller energy steps 164 (0.10 eV) over the region associated with the main resonance peaks (284.0 to 289.0 eV), and 165 larger steps (0.25 to 0.30 eV) elsewhere. These stack measurements for C NEXAFS were 166 obtained with dwell times of 2 ms or less, and with pixel sizes from 40 to 80 nm. Maps of total 167 C distributions were then obtained using a pixel size of 25 nm, as differences of 2 absorption 168 images recorded with monochromatic X-ray energies of 280 and 288.4 eV for background and C 169 absorption, respectively. The absorption images were converted to OD images before 170 9 subtraction. After obtaining C spectra and maps, STXM maps of other elements were collected 171 at the same pixel size. Because a main objective of this study was to identify associations of 172 SOC with specific soil solids, K-edge OD maps of Al and Si, and L-edge OD maps of K, Ca, and 173
Fe were obtained over the same areas that C spectra and maps were collected. In addition, L-174 edge maps of Ti were collected to test the hypothesis that this element would occur primarily as 175 highly localized TiO 2 particles. These maps were obtained by subtracting below-edge OD maps 176 for each element from its corresponding above-edge OD map. Carbon NEXAFS stack alignment 177 and analyses, and alignment of background and edge maps of other elements were done using 178 aXis2000 (HITCHCOCK, 2006) . In addition, individual elemental maps were aligned in aXis2000 179
by assigning common coordinates to distinct image features. Photon energies and other 180 parameters used for elemental mapping are listed in Table 2 . For determining carbon speciation, 181 functional groups, resonance peak energy ranges, electron transitions, and literature sources are 182 listed in Table 4 . ) is the solid phase density (Table 2 ). Based on this 234 approach, thicknesses of nearly all SOC in these maps are less than 100 nm. The regions with 235 thicker C appear to be distinct SOC particles rather than coatings on mineral surfaces (Figure 1) . 236
Oxides of the major mineral elements Al and Si each exceeded 300 nm in thickness in the 237
Cambisol sample, with their thicker regions interfering with mapping of C and other elements. (Figures 2d, 3d, and 4d) . In the Phaeozem, the STXM data are in good agreement with 260 2:1 ratios, expected based on the predominance of smectite in its clay fraction ( (DIXON and WEED, 1989) . The possibility that illite, the main mineral phase in 265 the bulk Ultisol (Table 1) , is indicated by the measured Si:Al ratios measured in this sample is 266 further supported by the good correlations between K, Al, and Si, with ratios typical for illite. 267
The measured K-Si ratios (Figure 4f ) cluster around the range of 5.4 expected for illite (DIXON 268 and WEED, 1989) . 269
The OD values for Fe are well correlated to both Al and Si in the maps obtained on 270 suitably thin samples. In the Phaeozem (Table 3a) and Ultisol (Table 3c) 286.7 (phenolic, ketonic C). In contrast, the absorption edge for region 2 begins to rise about 1 296 eV below the aromatic C energy in the vicinity of a peak reported for quinonic C, exhibits a 297 broad peak at 285.8 eV, and has additional peaks at 288.5 (carboxylic C) and 290.3 eV 298 (carbonate/carbonyl C). Quinonic C occurs during decomposition of lignin (STEVENSON, 1994) , 299 and thus may be more prevalent in larger SOC particles undergoing humification. The nature of 300 the broad peak at 285.8 eV and the high Ca concentration within region 2 are unknown. CaCO 3 301 is unlikely to be present because of the slightly acidic soil pH, and because of the weakness of 302 the resonance at 290.3 eV relative to that of calcite (BENZERARA et al., 2005) . The ubiquitous 303 occurrence of this resonance at 290.3 eV and lack of C-Ca correlation suggest that this weak 304 peak is indicative of some other carbonate or carbonyl groups in SOC. Other regions on this 305
Phaeozem sample exhibited spectra that were similar to that of the whole specimen, with weak to 306 moderate peaks at 285.1, 286.7, 288.5, and 290.3 eV. 307 15 Carbon NEXAFS were obtained over most of the Cambisol sample, excluding the 308 regions with thickest Al and Si (particles "A" and "B" in the Figure 6 
images). Like the 309
Phaeozem sample, C is distributed very heterogeneously, with locally concentrated regions each 310 having different NEXAFS spectra. Region 1 is the only location on this sample having a peak at 311 285.1 eV (aromatic C), followed by a gradual rise in the absorption edge, and appears to be a 312 distinct attached particle (≈ 200 to 500 nm) rather than a coating on a mineral grain (Figure 1) . 313
Both regions 2 and 3 occur as SOC coatings on a mineral grain, and have C NEXAFS with peaks 314 at 286.7 eV (phenolic C) and at 288.2-288.5 eV (peptidic, carboxylic C). All other regions 315 (regions 4 and 5 are shown in Figure 6 , but 3 other coating regions were also checked) of this 316 sample only had peaks in the 288.2-288.5 eV range, and were similar to the spectrum of the 317 whole sample. 318
Carbon NEXAFS spectra from the Ultisol sample were generally weaker in intensity 319 because of lower C concentrations. In this sample, C was relatively uniformly distributed, with 320 no large (>100 nm) particles detected (Figure 1 ). The C NEXAFS spectra were similar 321 throughout the sample, containing peaks at 285.1, 286.7, and 288.5 eV (Figure 7) . Although 322 total C concentrations are low in this sample, the resonance from aromatic C (285.1 eV) was 323 strong. More intense peaks at 297 and 300 eV were obtained because of the higher K contents in 324 this illitic soil. 325
Collectively, the C NEXAFS maps display both variability and homogeneity within 326 individual microaggregates. The variability was largely associated with localized SOC-rich 327 regions within microaggregates. These SOC-rich regions appear to be distinct particles several 328 hundred nm in size, that have higher fractions of aromatic C than their surroundings. Outside of 329 these locally C-rich locations, C NEXAFS spectra within individual microaggregates were 330 16 relatively similar. In the Phaeozem, the pervasive NEXAFS features were those of phenolic and 331 carboxylic C, while in the carboxylic peak was most common within the Cambisol sample. As 332 previously noted, the Ultisol sample displayed a diffuse distribution of aromatic, phenolic, and 333 carboxylic C peaks over all surfaces. 334 335
Implications 336
The scientific basis for predicting changes in soil OC storage is under active 337 development, and is a critical component for carbon management and for predicting climate 338 change. Quantifying grain-scale SOC distribution may help test mechanistic models for 339 predicting larger scale SOC retention in soils. Using the wide energy range accessible by the 340 ALS beamline 11.0.2 STXM, this study provided direct determinations of SOC microscale 341 distribution, speciation and spatial associations with major soil mineral elements Si, Al, Ca, K, 342
Ti, and Fe. Diverse C functional groups occurred together, and SOC was distributed as discrete 343 particles and coatings on soil minerals. This study also demonstrated the viability of the 344 approach of sample preparation through selecting particles with suitable thicknesses, instead of 345 making thin sections from soil microaggregates. The selectivity for particle thicknesses ≤ 100 346 nm is not expected to affect conclusions concerning SOC associations with mineral surfaces 347 because soil surface area is largely associated with finer colloidal particles. This method is 348 especially attractive because of its simplicity and because it minimizes possible changes 349 Linear correlation coefficients for these plots and other elemental relations are provided in Table  496 3c. Linear correlation coefficients for these plots and other elemental relations are provided in Table  541 3c. 
